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55 INCINERATORS

This section presents the basic operating principles, typica designs, industrid application, and
costs of incinerators used as control devices. An incinerator isthe only PM control device that does
not concentrate the PM for subsequent disposal. An incinerator utilizes the principles of combustion to
control pollutants. Incinerators used as add-on control devices are however, seldom used to remove
only particulate matter (PM); PM control is usualy desirable as a secondary trestment of a gas stream
with a high volatile organic compounds (VOC) content.! The type of PM that is usualy controlled by
an incinerator is commonly compaosed of soot (particles formed as aresult of incomplete combustion of
hydrocarbons (HCs)), coke, or carbon residue. There are two basic types of incinerators used as add-
on control devices. thermd and catdytic. For purposes of PM control, the use of a cataytic
incinerator is limited because catadysts are subject to blinding from the PM .2

There are severd advantages to using incinerators for waste air streams that contain VOC and
PM. These advantages are. smplicity of operation; capability of steam generation or heet recovery in
other forms; and capability for virtualy complete destruction of organic contaminants. Disadvantages
include: relaively high operaing costs (particularly associated with fuel requirements); potentid for
flashback and subsequent explosion hazard; and incomplete combustion possibly creating potentialy
worse pollution problems? High gas velocities are usudly required for incinerators used for PM control
to prevent settling of PM.> This may increase the incinerator size necessary to achieve the minimum
required gas resdence time.

5.5.1 Incinerator Control Mechanisms

Incinerator control is based on the principle that at a sufficiently high temperature and adequate
residence time, any HC can be oxidized to carbon dioxide (CO,) and water. In an incinerator, PM
containing HCsis first vaporized to agas and then oxidized.

To achieve complete combustion, i.e. convert dl the HC to CO, and water, sufficient space,
time, turbulence and temperature high enough to ignite the congtituents must be provided by the
incinerator. The "three T's' of combustion: time, temperature, and turbulence, govern the speed and
completeness of the combustion reaction. For complete combustion, oxygen must come into close
contact with the combustible molecule a sufficient temperature and for a sufficient length of time for the
reaction to be complete.?

The combustion time required for PM control is dependent on particle Sze and composition,
oxygen content of the furnace, aamosphere, furnace temperature, gas velocity, and extent of mixing of
the combustibles. For PM less than 100 um in diameter, the combustion rate is controlled by chemica
kinetics, for PM greater than 100 um, diffusion controls the combustion rate.! In collection devices
(ESPs, fabric filters, scrubbers) diffusion controls the collection rate of particleslessthan 1 umin
diameter.
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For particles smaller than 100 um the time required for complete combustion can be calculated
using the following equation:*

t.= (0 d))/(2 Ks py) Eq. 5.5-1
where for coke and carbon residue,
K = 8,710 exp(-35,700/RT) Eq. 5.5-2
and for soot,
K= (1.085 x 10* T.*) (exp(-39,300/RT,) Eq. 5.5-3

wheret, isthe combustion time for achemica kinetics controlled reaction (sec), D isthe dendty of
particle (g/cn), d, isthe diameter of particle (cm), K is the surface reection rate coefficient (g/cn-
sec-atm), py isthe partia pressure of oxygen in combustion air (am), R isthe universa gas law
congtant (82.06 am-crm?/mole-°K), Ty is the surface temperature of the particle (assumed to be the
incinerator temperature) (°K).
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With the proper residence time, complete combustion should result in >99 percent control of
particles containing HCs. Figure 5.5-1 shows the theoretica residence time needed for >99 percent
control of various Sized coke PM in an incinerator operated from 1200-2000°F cd culated using the

above equations.!

Although residence time and incinerator temperature are the primary incinerator parameters
affecting incinerator performance, other important parameters are the heat content and water content of
the gas stream, and the amount of excess combustion air (i.e. amount above the stoichiometric amount
needed for combustion). Combustion of gas streams with heat contents less than 50 Btu per standard
cubic foot of ar (SCF) usudly will require supplementa fuel to maintain the desired combustion
temperature. Supplementa fuel may aso be needed for flame stability, regardless of the heat content of

the gas*

For incinerators operated above 1400°F, the oxidation reaction rates become much faster than
the gas diffuson mixing rate. Asaresult, the combustion reaction may be hindered because sufficient
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Figure5.5-1. Caculated Theoretical Residence Times for Various-sized Coke PM in an Incinerator
a Various Temperatures

oxygen molecules are not in proximity to the HCs. To ensure that this does not occur, mixing must be
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enhanced viavanes or other physica methods.®
5.5.2 Typesof Incinerators

As discussed above, there are two basic types of incinerators, therma and cataytic. Both
types of incinerator may use heat exchangers to recover some of the heat energy from the incinerator.
Therefore, this section discusses both types of incinerators as well as heat exchangers.

5.5.2.1 Thermal Incinerators

A typicd thermd incinerator is a refractory-lined chamber containing aburner (or set of
burners) at one end. Therma incinerators typically use natura gas to supplement the caloric content of
the waste gas stream. In atherma incinerator, the combustible waste gases pass over or around a
burner flame into a residence chamber where oxidation of the waste gases is then completed. The most
recent guiddlines for incinerators to promote more complete destruction of VOC are®

C A chamber temperature high enough to enable the oxideation reaction to proceed rapidly
to completion (1200-2000 °F or greater);

C Flow velocities of 20-40 feet per second, to promote turbulent mixing between the hot
combustion products from the burner, combustion air, and waste stream components,
and

C Sufficient resdence time (gpproximately 0.75 seconds or more) at the chosen

temperature for the oxidation reaction to reach completion.
The following sections discuss the two types of therma incinerators: discrete burner and
distributed burner. Both types may aso use heat recovery equipment. This equipment is discussed in
Section 5.5.2.3 below.

55211 Discrete Burner Thermal Incinerator. Inadiscrete dua burner incinerator,
shown in Figure 5.5-2, the waste gas stream and combustion air feed into a
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premixing chamber fitted with a (auxiliary) discrete fue burner. In this chamber, both gases are
thoroughly mixed and pre-heseted by the auxiliary burner. The mixture of hot reacting gases then passes
into the main combustion chamber where another (primary) burner islocated. This chamber isszed to
alow the mixture enough time at the eevated temperature for the oxidation reaction to reach
completion. Energy can the be recovered from the hot flue gases in a heat recovery section.®

55.21.2 Digtributed Burner Thermal Incinerator. Thermd incinerators (that use
natura gas as the supplementa fuel) may aso use agrid-type, or distributed, gas burner. Thisgas
burner configuration is shown in Figure 5.5-3. In adidributed thermd incinerator, small gas flame jets
on agrid surface ignite the vapors in the gas as it passes through the grid. The grid acts as a baffle to
promote mixing before the gases enters the second part of the incinerator chamber. Because there are
many smdl flames distributed on the entire cross-section of the combustion chamber and the vapors are
well-mixed, this arrangement enables the gas vapors to burn at alower chamber temperature and
dlows for the use of less fud than the discrete burner configuration, described above* In the discrete
burner, vapors and particles are more likely to survive the single large flame initidly, so the chamber
must be maintained at a higher temperature to ensure complete combustion.

5.5.2.2 Catalytic Incinerators

A catdytic incinerator is not usualy recommended as a control device for PM since the PM,
unless removed prior to incineration, will often coat the catalyst so that the catalyst active Stes are
prevented from aiding in the oxidation of pollutantsin the gas stream. This effect of PM on the catdyst
iscaled blinding.? Despite this drawback, catalytic incinerators are sometimes used for PM control in
the chemica manufacturing and textile industries, and for combustion sources such as IC engines,
boilers, and dryers.” Therefore, abrief description of thistype of incinerator isincluded here.

Catdytic incinerators are very smilar to thermad oxidation, with the primary difference that the
gas, after passing through the flame area, passes through a catayst bed.®> The catalyst has the effect of
increasing the oxidation reaction rate, enabling converson at lower reaction temperatures than in
thermal incinerator units. Cataysts, therefore, dso reduce the incinerator volume/size® Catalysts
typicadly used for VOC incineration include platinum and paladium. Other formulations include meta
oxides, which are used for gas streams containing chlorinated compounds.*

A schematic of acataytic incinerator is presented in Figure 5.5-4.4 in a cataytic incinerator,
the gas stream is introduced into amixing chamber where it isaso heated. The waste gas usudly
passes through a recuperative heat exchanger (discussed below), where it is prehesated by post-
combustion gas!* The heated gas then passes through the catalyst bed. Oxygen and VOCs migrate to
the catalyst surface by gas diffuson and are adsorbed onto the catdyst active sites on the surface of the
catalyst where oxidation then occurs. The oxidation reaction products are then desorbed from the
active Stes by the gas and transferred by diffusion back into the gas stream.®
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As discussed above, PM can rapidly blind the pores of the cataysts and deectivate the catalyst
over time. Because essentidly al the active surface of the catdyst is contained in rdatively small pores,
the PM need not be large to blind the catalyst. No general guidelines exist as to the PM concentration
and size that can be tolerated by cataysts because the pore size and volume of cataysts vary greatly.®
Thisinformation is likely to be avallable from the catalyst manufacturers.

The advantages of cataytic combustion reactors over thermd incinerators, therefore, include®

Lower fue requirements,

Lower operating temperatures,
Little or no insulaion requirements,
Reduced fire hazards, and
Reduced flashback problems.

DO O OO

The disadvantages include®

Higher capital costs,

Catalyst blinding causes operationd problems and/or higher maintenance requirements
(annua cogts),

PM may need to be precollected, and

Spent catalyst that cannot be regenerated may need to be disposed.

5.5.2.3 Heat Recovery Equipment

Sincetheflue gasthat is ill hot after exiting the incinerator, heat may be recovered with the
proper auxiliary incinerator equipment. Heat recovery equipment for an incinerator can be either
recuperative or regenerative. Recuperative heat exchangers, that recover heat on a continuous basis,
include crosscurrent-, countercurrent-, and cocurrent-flow heat exchangers. For agiven hesat flow and
temperature drop, recuperative heat exchanger surface requirements will be the lowest in a
countercurrent flow configuration.

Regenerdive heat exchangers recover heat by intermittent heat exchange through dternate
hesting and cooling of asolid. Hest flows dternately into and out of the same exchanger as air and flue
gasflows are periodically reversed. The heat Snk and heset transfer areafor regenerative heat
exchangers can be either afixed bed, amoving bed or arotary cylinder.!

5.5.3 Control Efficiency
5.5.3.1 Contral Efficiency for Volatile Organic Compounds

Theoreticdly, al organic materid, including VOC, are combustible with combustion efficiency
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limited only by cost. On the basis of studies of thermd incinerator efficiency, it has been concluded that
at least 98 percent VOC destruction (or a20 part per million by volume (ppmv) VOC exit
concentration) is achievable by dl well-desgned incinerators. An estimate of 98 percent efficiency is
predicted for thermal incinerators operating a 1,400°F or higher, with at least 0.75 seconds residence
time> If athermd incinerator is properly designed and operated to produce the optimum conditionsin
the combustion chamber, it should be cgpable of higher than 99 percent destruction efficiencies for
nonha ogenated VVOC, when the VOC concentration in the gas stream is above approximately

2,000 ppmv.©

5.5.3.2 Control Efficiency for Particulate M atter

Controlled emissons and/or efficiency test datafor PM inincinerators are not generdly
avalablein the literature. Emission factorsfor PM in phthaic anhydride processes with incinerators
were available, however.’® The PM control efficiencies for these processes were calculated from the
reported emission factors and are shown in Table 5.5-1. The PM control efficiencies ranged from 79
to 96 percent control for total PM.

In EPA's 1990 Nationd Inventory,” incinerators were used as control devices for PM to
achieve from 25 to 99.9 percent control of PM, at point source facilities. The VOC control reported
for these devices ranged from 0 to 99.9 percent. These ranges of control efficiencies are large because
they include facilities that do not have VOC emissions and control only PM (these facilities would
report O percent efficiency for VOC control), as well asfacilities which have low PM emissonsand are
primarily concerned with controlling VOC.
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554 Applicability

Although incinerators can be used to any organic materid, their gpplication is limited to arange
of gas vapor concentration. To prevent explosions, the vapor concentration must be substantialy
below the gas lower flammable leve (lower explosive limit [LEL]). Asarule, afactor of 4 isemployed
to give amargin of for safety.? Therefore, incinerators are not likely to be used for processes with very
high VOC content. The presence of haogens aso requires additiona equipment such as scrubbers for
acid gasremoval.*

Thermd incinerators can be designed to handle minor fluctuationsin flow rate. However,
processes with the potentid for excessve fluctuationsin flow rate (i.e., process upsets) may not be
suitable for incinerator use, since control efficiency could decrease outside the acceptable range.*
Hares may be an appropriate control for processes with excessive fluctuation potentid. Table 5.5-2
presents the operating conditions required for satisfactory incinerator performance in various industria
applications® Note that the residence time and incinerator temperature required for PM control is
much higher than for non-PM sources.

An examination of the EPA's 1990 Nationa Inventory,’ presented in showed that the primary
source categories in which incinerators were used for PM control were:

Table5.5-1 PM Control Efficienciesfor Therma Incineratorsin
Phthalic Anhydride Manufacturing Processes (Reference 10)

PM Emission Factor Calculated
(Ib PM/ton product) Control
Efficiency
Process Unit Uncontrolled Controlled (percent)
O-xylene Processing
Oxidation 138 7 95
Pretreatment 13 0.7 95
Didtillation 89 4 96
Naphthal ene Processing
Oxidation 56 11 80
Pretreatment 5 1 80
Didtillation 38 8 79
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C Petroleum and Coal Production

C Chemicd and Allied Product Manufacturing

C Primary Metd Industries

C Electronic and Other Electric Equipment.

These source categories were identified from the reported data in the 1990 Nationd Inventory,” and
correspond to facilities that reported PM,, control efficiencies for incinerators likely to have been used
as primary control devices.

555 Cossof Incinerators

The codts of ingtaling and operating an incinerator include both capita and annua codts.
Capitd costsaredl of the initial equipment-related costs of the incinerator. Annud codts are the direct
cogts of operating and maintaining the incinerator for one year, plus such indirect costs as overhead;
capita recovery; and taxes, insurance, and adminidirative charges. The following sections discuss
capita and annual costs for incinerators, referenced to the fourth quarter of 1996, unless otherwise
noted.

Incinerators designed for PM control are likely to have higher costs than incinerators designed
for VOC control, because of the higher temperatures and longer gas residence times are needed for
PM destruction (see Table 5.5-2). Incinerators designed for PM control are also likely to need more
supplementd fud to maintain the higher temperatures and larger combustion chambersto achieve the
longer resdence times. Since the incinerator cost data presented below were probably derived for
incinerators designed for VOC control only, the actual costs for incinerators designed for PM control
arelikely to be higher.
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Table5.5-2 Operationad Requirements for Satisfactory Incinerator
Performance for Various Indudtria Applications
and Control Levels (Reference 3)

Control Residence
Leve Time Temperature
Application (percent) (sec) (°F)

HC Control >90 0.3-0.5 1100-1250%
HC + CO >90 0.3-0.5 1250-1500
Odor

Low control 50-90 0.3-0.5 1000-1200

Medium control 90-99 0.3-0.5 1100-1300

High control >09 0.3-0.5 1200-1500
Smokes/Plumes

White smoke (liquid mist) >09 0.3-0.5 800-1000°

HC and CO >90 0.3-0.5 1250-1500

Black smoke (soot and other >99 0.7-1.0 1400-2000

combustible PM)

& Temperatures of 1400 to 1500°F may be required if there is a significant amount of any of
the following: methane, cellosolve, and subgtituted aromatics (e.g., toluene and xylenes).

Operation for plume abatement only is not recommended, since this merely convertsa
vigble hydrocarbon emission into an invisible one and frequently creetes a new odor
problem because of partid oxidation in the incinerator.

The use of a cataytic incinerator for PM control islimited because cataysts are subject to
poisoning/blinding from PM;? consequently, only thermal incinerator costs are discussed in this section.
For information on the cogts of cataytic incinerators, consult Estimating Costs of Air Pollution
Control! and EPA's"CO$T-AIR" Control Cost Spreadsheets !
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5.5.5.1 Capital Costs

Thetota capital investment (TCI) for incinerators includes al of theinitia capital cogs, both
direct and indirect. Direct capital costs are the purchased equipment costs (PEC), and the costs of
ingallation (foundations, dectrica, piping, tc.). Indirect costs are related to the ingtallation and include
engineering, construction, contractors, start-up, testing, and contingencies. The PEC is caculated
based on the incinerator specifications. The direct and indirect ingtalation costs are caculated as
factors of the PEC.*! The equipment cost presented in Table 5.5-3 are the TCI cost factors for custom
incinerators (as opposed to packaged units).

The flue gas flow rate and auxiliary fudl requirement are the most important Szing parameters
for athermd incinerator. The former determines the equipment size and cost, while the latter comprises
most of annual operating and maintenance costs. These parameters are interdependent, based on
materid and energy balances taken around the incinerator.®

Figure 5.5-5 showstota capital investment vs. flow rate (sze) for atherma incinerator with
recuperaive heat recovery equipment.!? Three levels of heat recovery are shown in Figure 55-5: 0
percent, 35 percent, and 50 percent. For the purposes of the figure, the therma incinerator was
assumed to operate at a combustion temperature of 1600°F and the waste gas was assumed to have a
heat content of 4 BtuW/SCF. The curvesillugtrate two phenomena: 1) the direct proportiondity of capita
cost to flow rate (3ze), and 2) the proportionality of capital cost to heat recovery efficiency. That is,
capitd costs increase with both increasing flow rate (Sze) and increasing heet recovery efficiency.

Figure 5.5-6 showstota capital investment vs. flow rate (sze) for therma incinerators with 85
percent and 95 percent regenerative heat recovery sysems.!? Asin the previous figure, the thermal
incinerator was assumed to operate at a combustion temperature of 1700°F and the waste gas was
assumed to have a heat content of 4 Btw/SCF. Also, asin the previousfigure, capital costs for
incinerators with regenerative heet recovery systems increase with increasing flow rate (sze) and
decrease with increasing hest recovery efficiency.

A comparison between the capita cost of incinerators with recuperative vs. regenerative heat
recovery systems shows that for the same size incinerator, the capita investment of aregenerative heat
recovery system is over twice the capitd investment required for an incinerator with a recuperative heat
recovery system.

5.5.5.2 Annual Costs
Thetotal annud cost of an incinerator consists of both direct and indirect costs. Direct annua
costs are those associated with the operation and maintenance of the incinerator. These include labor

(operating, supervisory, coordinating, and maintenance); maintenance materids, operating materias,
eectricity; and supplementd fud, if gpplicable.
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Table55-3 Capital Cost Factors for Thermal Incinerators (from Reference 11)

Cost Item Factor
Direct Codts
Purchased equipment costs
Incinerator + auxiliary equipment As egtimated (A)
I nstrumentation 0.10A
Sdestaxes 0.03A
Freight 0.05A
Tota Purchased Equipment Cost (PEC) B=118A
Direct ingdlation costs
Foundations and supports 0.08B
Handling and erection 0.14B
Electricd 0.04B
Fiping 0.02B
Insulation for ductwork 0.01B
Painting 0.01B
Totd direct inddlation cost 0.30B
Site Preparation and Buildings Asrequired (Site)
Totd Direct Cogt, DC 1.30 B + Site

Indirect Cogts (ingtdlation)

Engineering 0.10B
Congtruction and field expense 0.05B
Contractor fees 0.10B
Start-up 0.02B
Performance test 0.01B
Contingencies 0.03B
Tota Indirect Cost (I1C) 0.31B
Totd Capitd Investment =DC + IC 1.61 B + Site
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Indirect annua costs include taxes, insurance, adminigtrative costs, overhead, and cepita
recovery. All of these costs except overhead are dependent on the TCI. Table 5.5-4 lists the annual
cost parameters that impact incinerator costs, with typical vaues provided for each parameter. Table
5.5-5 provides the annual cost factors for incinerators. It is difficult to generdize these cogts for dl
incinerators, since annua costs are very site-specific. !

The supplementa fud and eectricity requirements for an incinerator are likely to have alarge
impact on incinerator annua costs. The requirements for each can be estimated from incinerator design
vaues. The auxiliary heat requirement to be supplied by the fud, usudly natura gas, can be cdculated
using the incinerator design equations described below.

An incinerator is designed to handle atota volumetric gas flow rate (Q;) equal to the waste gas
inlet flow rate (Q,), which isknown, and auxiliary fud gasflow rate (Q)):

Q = Q + Qa (Eq. 5.5-4)

and where the requirements for auxiliary fuel gas are determined with the following equation:

Q = Q) (Eq. 555)
for  x = (L1Cx(T;-T)-(Cu(T-T))-hy (Eq. 55-6)
y = h, - 1.1Cpf (Te-T) (Eq. 5.5-7)

where Q; is the flue gas flow rate (SCFM), Q, isthe inlet waste gas flow rate (SCFM),Q? isthe
auxiliary fuel gas (heat) requirement (SCFM), C is the mean heet capecity of gas leaving the
combustion chamber (BtwWSCF-°F), C,; is the mean hezt capacity of gas entering the combustion
chamber (Btu/SCF-°F), T; is the combustion chamber temperature (°F), T; isthe waste gasinlet
temperatures (°F), T, isthe reference temperature, equd to the inlet fuel temperature (typicaly 70°F),
h, isthe waste gas heat content (Btw/SCF), and h, is the fud heeting vaue (BtwWSCF).

Electricity to run the incinerator exhaudt fan is caculated with the following equation:
Fan Power (kW) = (1.575x10% )P Q/n (Eg. 5.5-8)

where )P isthe system pressure drop (inches of water), Q isthe waste gas volumetric flow rate
through system (ACFM), and n is the efficiency of fan and motor (generaly 0.50-0.70).

Figure 5.5-7 shows annud operating cost curves for an example therma incinerator with

recuperative heat recovery systems at three levels of heet recovery efficiency: 0, 35, and 50 percent,
and 85 percent regenerative heat recovery. For these curves, the example incinerator was assumed to
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operate 8,000 hours per year, at a combustion temperature of 1700°F, with awaste gas heat content
of 4 Btw/SCF. Figure 5.5-7 showsthat annua operating costs for incinerators with recuperative heat
recovery decrease with increasing heet recovery system efficiency, and increase with increasing inlet
flow rates (3z€).
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Figure5.5-7. Annua Codtsfor Incinerators with Recuperative and Regenerative Heat Recovery
(Reference 12).

Figure 5.5-7 dso shows that annud costs for the example incinerator with regenerative heat
recovery increase with inlet flow rate. Regenerative thermd incinerators achieve higher heat recovery
($85 percent vs. #50 percent) at lower annual cogts than recuperative systems. However, the higher
capita cogts of regenerative systems (see Figure 5.5-6) compared trecuperative systems (see
Figure 5.5-5), present a trade-off in the choice incinerator type.

5.5.6 Energy and Other Secondary Environmental | mpacts

No liquid, solid or hazardous wastes are generated from the use of thermal incinerators. As
discussed above, the energy impacts of incinerator operation include that associated with the energy
required to run the fan and are proportiond to the gas flow rate and the system pressure drop.

Nitrogen oxides are s generated as air pollution during incineration. Because of the lower
operating temperatures of cataytic incinerators, less NO, is generated with this type of incinerator.
Basad on the combustion of naturd gas only, therma incinerators have the potentia to generate 100
pounds (Ib) of NO, per 10° SCF of natural gas combusted, and catalytic incinerators have the potential
to generate 50 Ib of NO, per 10° SCF of natura gas.™®
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